Abstract-In this work, complex photonic band structure (CPBS) in a semiconductor-dielectric photonic crystal (SDPC) operating at terahertz frequencies is theoretically investigated. The SDPC is air/(S/D) N /air where the dielectric layer D is SiO 2 , the semiconductor layer S is an intrinsic semiconductor InSb, and N is the number of periods. Using the experimental data for the strongly temperaturedependent plasma frequency and damping frequency for InSb, we calculate the CPBS for the infinite SDPC at distinct operating temperatures. The CPBS is then compared with the calculated transmittance, reflectance, and absorptance as well in the finite SDPC. Based on the calculated CPBS, the role played by the loss factor (damping frequency), in InSb is revealed. Additionally, from the calculated transmittance spectra, we further investigate the cutoff frequency for the SDPC. The dependences of cutoff frequency on the number of periods and the filling factor of semiconductor layer are numerically illustrated.
INTRODUCTION
It is known that there exist the photonic band gaps (PBGs) in a photonic crystal (PC). PBGs, which are analogous to the electronic band gaps (EBGs) in solids, arise from the Bragg scattering due to the spatially periodic profile in the refractive index. PBGs are of technical use in designing the Bragg reflectors (BRs) that play an important role in solid state laser systems [1] [2] [3] . Engineering PBGs to realize other possible photonic devices, including resonators, polarizer, filters, beam splitter, and waveguides are also available [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
In the early stage, PCs made of all dielectrics are of primary interest to the community because an all-dielectric PC possesses the so-called omnidirectional PBGs [14, 15] . At the same time, metaldielectric photonic crystals (MDPCs) also attracted much attention since metals have a dispersive permittivity [16, 17] . MDPCs have some superior features than all-dielectric PCs. For example, they have wider PBGs, and they can be used to enhance the transmission at frequency below the plasma frequency, i.e., at visible frequency region [18, 19] .
In addition to MDPCs, another type of PC containing semiconducting materials was studied by Halevi and RamosMendieta [20] . The use of semiconductor can make the PBGs tunable. The tunability comes from the fact that the permittivity of semiconductor can be changed by the carrier concentrationÑ which could be a function of temperature T . Thus, it is referred to asÑ -tuning or T -tuning [20] . Other tuning agents like electric field (Etuning) and magnetic field (M -tuning) are also available. Examples of E-tuning are PCs containing liquid crystal [21] [22] [23] . PCs with a magnetic constituent are called the M -tuning [24] [25] [26] [27] . Indeed, PCs with tunable PBGs are more attractive in the optoelectronic applications.
Recently, the photonic band structure (PBS) at terahertz (THz) for a semiconductor-dielectric photonic crystal (SDPC) containing intrinsic InSb has been investigated by Dai et al. [28] . However, the authors assume there is no loss in intrinsic InSb. This appears to be an apparent flaw since InSb is, indeed, a lossy medium at THz according the Palik's book [29] . Later, using lossy InSb as a defect layer in the Si/SiO 2 photonic crystal, the temperature-and concentrationdependent properties of defect mode have been investigated by Hung et al. [30] . Other related studies concentrate on the magnetic-field dependence of transmission properties in an extrinsic n type InSbbased photonic crystals [31, 32] .
It is our main motivation, in this work, to properly include the loss factor in the permittivity of InSb in this SDPC, where S is intrinsic InSb and D is SiO 2 . Due to the inherent loss in InSb, it is found that the photonic band structure of an SDPC should be complex, i.e., a complex Bloch wave number should exist in both the PBGs and passbands. To compare the calculated PBGs, we also give the plots of transmittance, reflectance, and absorptance spectra as well. Finally, we study the fundamental information about the cutoff frequency for such an SDPC. The dependences of cutoff frequency on the number of periods and the thickness ratio of the two constituent layers are also illustrated.
The format of this paper is given as follows: Section 1 gives the introduction. In Section 2, we describe the basic equations for the permittivity for the intrinsic InSb as well as the computational method. Section 3 is to present the numerical results and discussion. The conclusion is in Section 4.
BASIC EQUATIONS
Before we describe the transfer matrix method (TMM) for the calculation of PBS of SDPC, let us first mention the refractive index of InSb. In the THz frequency region, the dielectric constant of InSb, which is strongly dependent on the frequency as well as the temperature, can be modeled within the framework of the Drude-like model. Using the temporal part exp(jωt) for all fields, the expression of dielectric function is given by [20, 33] ,
where ε ∞ is the high-frequency value, γ the damping frequency, and plasma frequency ω p given by
where the strong temperature dependence of dielectric function arises from two factors. One is the intrinsic carrier densityÑ (in unit of m −3 ) which is written bỹ
Here, the number 0.26 is in unit of eV, e the electronic charge, ε 0 the permittivity of vacuum, k B the Boltzmann constant, and m * the effective mass of free carrier. The other is the damping frequency γ = γ (T ). With the complex dielectric function of InSb, the refractive index also is complex-valued and is the square root of the dielectric function, i.e., n InSb = √ ε InSb = n R − jn I , where the imaginary part n I indicates the extinction constant.
Although expression for the temperature-dependent carrier concentration in Eq. (3) is available, there is no available analytical expression for γ (T ). Thus, it is awkward to directly use Eq. (1) to investigate the electromagnetic properies for the InSb-based photonic crystal. In a recent paper [28] , the authors simply assume γ = 0 in calculating the THz PBS of InSb-SiO 2 SDPC. This assumption obviously is too simple to be correct at THz because the damping frequency is also a strong function of temperature [29] . Thus, in order to make a more realistic calculation, in this work, we shall adapt the experimental values for the temperature-dependent plasma frequency and the damping frequency, as listed in Table 1 [34] . With the inclusion of nonzero damping frequency, the calculated PBS is seen to be complex and is referred to as the so-called complex photonic band structure (CPBS). As will be seen later, in the CPBS, both the real and the imaginary parts of the Bloch wave vector can exist in the pass band or the stop band.
The CPBS for the infinite SDPC will be calculated within the framework of transfer matrix method (TMM) [35] . According to TMM, the CPBS can be computed by the single-period transfer matrix
where the transfer matrix in each layer is given by
Here, the propagation matrix in layer i is expressed as Table 1 . The values of plasma frequency and damping frequency at several temperatures [34] . 
and d i are the wave number and thickness in layer i, respectively, and k 0 = ω/c is the free-space wave number, in addition, the dynamical matrix in medium i is written by
The CPBS is then determined by the half trace of matrix given in Eq. (4), namely
where K = K r − jK i is the Bloch wave number, and Λ = d 1 + d 2 is spatial periodicity of the SDPC. The explicit expression for Eq. (8) can be further obtained to be
The solution for K as a function of frequency is the so-called photonic band structure. In the usual lossless PCs, solution for K will be purely real in the passband and conversely it will be purely imaginary in the photonic band gap. However, when the loss is incorporated, solution for K can be complex-valued for both the passband and the band gap (stop band).
In addition to K vs. frequency, the PBS can also be investigated by way of the transmittance Γ and reflectance R for the finite SDPC. Again, with the aid of TMM, the transmittance Γ and reflectance R are calculated through the following equations,
where M 11 and M 21 are the matrix elements of the total system matrix,
where D 0 is the dynamical matrix of air and N the number of periods. The absorptance A is thus given by
NUMERICAL RESULTS AND DISCUSSION
Let us first investigate the effect of damping frequency on the refractive index of InSb. With the use of Table 1 for the plasma and damping frequencies, the only material parameter in Eq. (1) is the highfrequency dielectric constant which is taken to be ε ∞ = 15.68 [20] . The frequency-dependent real and imaginary parts of refractive index of InSb at T = 225 K are plotted in Figure 1 . In the left panel, the damping frequency is turned off, γ = 0, whereas the right one is with a nonzero damping frequency of γ = 2π × 0.15 THz selected from Table 1 . It can be seen that the real and imaginary parts of the complex refractive index, n R and n I , intersect at f int = 0.25f p , which is nearly the same for both the lossless and lossy cases. At γ = 0, the complex refractive index will become zero at f int . The intersection point is far away the plasma frequency because the value of ε ∞ in the permittivity is much great than one. It is seen from the figure that, in the presence of loss factor, the real part n R has been strongly modified at frequency lower than f int . At frequency well above f int the difference between γ = 0 and γ > 0 is very small. This is due to the negligible contribution from γ in Eq. (1) at frequency higher than f int . Conclusively, the inclusion of damping frequency has a stronger influence in n R than n I , especially at low frequency regime. Next, let us now enter the main issue of this work, the temperature-dependent CPBS for the InSb-SiO 2 SDPC. Here, the thicknesses of InSb and SiO 2 are denoted by d 1 and d 2 , respectively. In Figure 2 , we plot the CPBS at T = 225 K. It can be seen that the first band gap (0-0.6 THz) shown in K r plot is not entirely flat as in the usual lossless case. There is a small bending in K r which is also reflected in the appearance of K i in the same region. This small bending is ascribed to the small damping frequency at T = 225 K. As seen Table 1 , the damping frequency is γ = 0.048ω p , where ω p = 2π × 3.1 THz. Other than this bending, all the other photonic band structure is essentially not affected even in the presence of γ. The physical meaning of small bending can be seen in the Γ, R, and A spectra. Although the transmission in the first gap remains zero, the reflectance is not equal to unity because of strong absorptance there. In addition, the first gap is not due to the structural periodicity, but arises from the negative permittivity in InSb when the frequency is below the critical frequency. The second gap with a lower band edge around 4 THz is the so-called Bragg gap, which is consistent with the result of Figure 3 in Ref. [28] . It is also worthy to mention that the band edge and the gap width in the second gap cannot be estimated by usual formulas in the theory of Bragg reflector because InSb is strongly dispersive medium.
If the temperature is increased to 255 K, the CPBS is plotted in Figure 3 . According to the K r -plot, the first band gap is enlarged at 0-1 THz at this temperature. Comparing with Figure 2 reveals that the magnitude in K i is higher than that in the second and third band gaps. Similar behavior can be seen at higher temperatures, T = 295, and 325 K, as shown in Figures 4 and 5 , respectively. The calculated CPBSs here are in sharp contrast with those in Ref. [28] , where there is no K i and nonbending in K r in the first band gap because the damping frequency γ = 0 has been taken.
We have so far investigated the CPBS for the SDPC at different temperatures. We now pay our attention the finite SDPC to investigate effect of damping frequency on the transmission. With the inherent damping frequency in InSb layer, it is thus worth studying the effect of number of periods. Figure 6 depicts the transmission spectrum for different number of periods at T = 325 K. Some features are of note. First, we define the cutoff or threshold frequency f th as the starting frequency of the first transmission band, as indicated by the red arrow. It can be seen that f th is slightly blue-shifted as the number of periods increases. Second, the magnitudes of the first transmission band are significantly lowered down as N increases. The magnitudes in the other transmission bands, however, are not substantially affected as N increases. This indicates that the influence of number of periods can be salient at the lower frequency transmission band when the loss is incorporated in such an SDPC. Third, in the second transmission band (near 6-9 THz), there are four peaks at N = 5, and nine peaks at N = 10. That is, there will be N − 1 transmission peaks at a given number of periods N . This result can be ascribed to the coupledresonance interference mechanism [36] [37] [38] . The number of peaks is equal to the number of coupling of evanescent waves (inside the layer S) between two consecutive dielectric layers. The existence of evanescent wave in S is due to the negative permittivity at frequency lower than the plasma frequency. For example, N = 1, the structure is S/D, and there will no coupling (and no transmission peak) because there is only one dielectric layer D. For N = 2, the structure is S/D/S/D, leading to one coupling between two D's. This coupling results in a single peak. This multi-peak phenomenon occurs at the frequency region below the plasma frequency (9.9 THz at 325 K). This feature enables us to design a multichannel transmission filter. The first pass band, which is far below the plasma frequency, does not have the similar trend of N − 1 peaks. Finally, at a sufficiently large number of periods, say N > 30, the first pass band is almost smeared out, leading to a very large value in f th .
Finally, we fix the spatial periodicity at Λ = d 1 + d 1 = 10 µm and then investigate how the transmission spectrum varies as a function of thickness ratio ρ = d 1 /d 2 . The results are shown in Figure 7 . It is seen that the threshold frequency is slightly blue-shifted as ρ increases. The oscillating strength in the first transmission band is significantly decreased because of higher loss in a higher ρ-value. In addition, the bandwidth of the second PBG is also reduced as ρ increases. The nine oscillating peaks in the second transmission band is squeezed and thus its bandwidth is decreased.
CONCLUSION
The complex photonic band structure for an InSb-SiO 2 photonic crystal has been calculated and analyzed. With the inclusion of loss factor in InSb, it is shown that the Bloch wave number is complex at the PBG and the pass band as well. The influence of the loss factor is particularly salient at the low frequency band gap and pass band. The imaginary part of complex Bloch wave number in the first band gap is enhanced as the temperature increases. Based on the calculated transmission spectrum, we have noted that, at a fixed temperature, the cutoff frequency is shifted to the higher frequency as the number of periods increases. In addition, the cutoff frequency can be slightly moved to higher frequency as the thickness ratio increases when the temperature and number of periods are fixed. The study gives some fundamental information for the semiconductor (InSb)-based photonic crystal that could be of technical use in semiconductor optoelectronics at terahertz applications.
